mins 20, 21 and so on. However, there are few reports concerning fatty acids and their analogues. The RIKEN THz Database and the NICT Terahertz Spectral Database include saturated fatty acids such as stearic acid 18:0 and palmitic acid 16:0 but not unsaturated fatty acids 22 .
In this paper, we measured the THz absorption spectra of various fatty acids and their analogues to build a THz spectral database in the range 10 to 400 cm 1 , although the THz absorption spectra were measured for edible fats and oils at wave numbers under 100 cm 1 18, 19 . Moreover, we discuss the relation between the THz spectra and the chemical structure of fatty acids and their analogues, and the applicability of THz spectrometry in the field of fats and oil.
Terahertz spectrometry
A fourier transform-infrared FT-IR spectrophotometer made by JASCO Corp. Tokyo, Japan was remodeled using a silicon broadband beam splitter and a deuterated l-alanine-doped triglycine sulfate DLATGS room-temperature detector, to obtain spectra in the 20-400 cm 1 range. The light source was a high-pressure mercury lamp, which has a higher intensity than a ceramic lamp below 3 THz.
Fatty acids and their analogues were dissolved in liquid paraffin at concentrations of 18 to 855 mM, and were placed in a polyethylene cell with 0.5 mm path. The polyethylene cell and liquid paraffi n are appropriate well suited for THz spectrometry, because they have no notable absorption at 10 to 400 cm 1 . As room-temperature reference, the THz absorption spectra of the polyethylene cell were measured befor the collection of the THz absorption spectra of fatty acids and their analogues. The wavenumber resolution was 16 cm 1 and the accumulation was 100 times. The data represent the average of triplicate measuements. Figure 1 shows the THz absorption spectra of palmitic acid 16:0 and stearic acid 18:0 at 10 to 400 cm 1 . The THz absorption spectrum of palmitic acid was slightly different from that of stearic acid. Palmitic acid has four distinct peaks at 177, 235, 309, and 378 cm 1 , while stearic acid has fi ve distinct peaks at 154, 201, 258, 316, and 386 cm 1 and a broad peak at 112 cm 1 . Moreover, the THz absorbance of the palmitic and stearic acids increased with increasing wavenumbers. The results agree with the RIKEN Terahertz Database 22 , even though the latter does not contain spectra beyond 200 cm 1 . This is the first report of distinct peaks for the palmitic and stearic acids between 200 and 400 cm 1 . Figure 2 shows the THz absorption spectra of oleic 18:1 , linoleic 18:2 , and linolenic 18:3 acids. All of them have similar spectra patterns, and their absorbance is increasing with increasing wavenumbers. They have two distinct peaks at 247 and 328 cm 1 and three peaks at 77, 166 and 378 cm 1 . The spectra of the unsaturated and saturated fatty acids differ, eg. palmitic and stearic acids. Probably, the THz absorption spectra of the saturated fatty acids are associated with their crystalline as well as chemical structure, because the palmitic and stearic acids are solid at room temperature, whereas the oleic, linoleic, and linolenic acids are liquid. However, the double bonds on the carbon chain did not affect the THz absorption spectral pattern, although they reduced the absorbance Fig. 2 . Figure 3 shows the THz absorption spectrum of oleyl alcohol. Oleyl alcohol has a broad band at 231 cm 1 . Therefore, the oleic acid peaks at 328 and 378 cm 1 apparently derive from the carboxylic group. Especially, the peak at 77 cm 1 may be due to the carboxylic group, because saturated and unsaturated fatty acids have a peak at 77 cm 1 , but fatty alcohols such as oleyl alcohol do not. Actually, this peak is also observed in amino acids, aromatic carboxylic acids, and short chain fatty acids such as butanoic acid 22 . In contrast, the peaks observed at 230-250 cm 1 for both oleic acid and oleyl alcohol may be associated with hydrogen bond vibrations. Figure 4 shows the THz absorption spectra of methyl, ethyl, and propyl esters of oleate. These compounds show completely different spectra patterns. Methyl oleate has three peaks at 46, 189, and 328 cm 1 . Ethyl oleate has fi ve peaks at 50, 166, 258, 347, and 374 cm 1 , and propyl oleate has fi ve peaks at 62, 98, 272, 314, and 347 cm 1 . The ester structure strongly affected the THz absorption spectra of fatty acids. The oleic acid peak at 77 cm 1 shifted due to presence of the ester groups. Moreover, the peaks observed at about 330 cm 1 of oleic acid esters may derive from the ester group the ester carbonyl bond , because these peaks are also observed for oleic acid but not oleyl alcohol. These peaks may be associated with C O vibrations. Figure 5 shows the THz absorption spectra of monoolein, diolein and triolein. They have similar spectra patterns, although the absorbance depends on the glyceride type. Triolein have two peaks at 77 and 328 cm 1 and diolein have two peaks at 328 and 69 cm 1 . Conversely, monoolein have sharp peaks at 309, 328, and 378 cm 1 . The peak observed at 328 cm 1 may derive from the ester group the ester carbonyl bond . The absorbance is the highest for monoolein, followed by diolein and triolein, and it decrease with the numbers of ester groups in the glycerol molecules. Figure 6 shows the variation in the absorbance and the second derivative of oleic acid at different concentrations. The absorbance increased as the oleic acid concentration increased. Among the spectra of the second derivative, the intensity at 77, 110, 243, 278, and 328 cm 1 varied with the concentration of oleic acid. Especially, the intensity of the second derivative at 77 cm 1 was distinct. Thus, a calibra- tion curve was established using the intensity of the second derivative at 77 cm 1 and the concentration between 18 and 855 mM. As shown in Fig. 7 , the intensity of the second derivative for oleic acid correlates positively with the concentration r 0.999 , although the determination limit was almost 10 mM. Such strong correlations are obtained for not only for the fatty acids but also for esters and glycerides. From these results, the concentration of fatty acids can be determined with THz spectrometry. We applied the THz absorption spectrometry to determine the content of fatty acids in oily foods. In this study, the fatty acids and their analogues have comparatively broad and fewer peaks, and lower THz absorptivity than sugars and amino acids in the range 10 to 400 cm 1 . Fatty acids and their analogues are liquid, while sugar and amino acids are solid at room temperature. Probably the crystalline structure affects the THz absorptivity of these compounds. Upadhya et al. 12 reported that D-glucose has sharp absorption peaks at 1.45 and 2.1 THz 48 and 70 cm 1 and minor peak at 1.26 THz 41 cm 1 . Among amino acids, tryptophan has broad bands at 1.4 and 1.8 THz 47 and 60 cm 1 15 , and serine and cystein have several bands from 50 to 400 cm 1 17 . These peaks are assigned to torsional motion. Probably, the peak at 77 cm 1 may derive from the torsional motion of the carboxyl group but not the crystalline structure, because the absorbance at 77 cm 1 follows the Lambert-Beer law Fig. 7 . Hu et al. 18 observed that vegetable oils have broad peaks at 0.2 to 1.6 THz 7 to 53 cm 1 . However, the THz region between 100 and 400 cm 1 is not measured for fats and oils. We have shown that fatty acids and their analogues have several absorption peaks between 10 and 400 cm 1 , and that these peaks may be assigned to the carboxylic or the ester group.
RESULTS AND DISCUSSION
Fatty acid esters are generally quantified by gas liquid chromatography, mass spectrometry, or nuclear magnetic resonance. These methods are destructive or they use harmful organic solvents such as chloroform. However, THz spectroscopy is a non-destructive method and it needs no toxic organic solvents. Infrared spectrometry is also available for determining fatty acids and their analogues, but it is not always able to distinguish the palmitic acid from stearic acid, or the methyl esters from ethyl esters. However, THz spectroscopy can distinguish the carbon chains of the saturated fatty acids and the alcohol side chains of the fatty acid esters, as shown in Figs 1 and 4 . We believe that the THz spectrometry is an effective tool for the non-destructive qualitative and quantitative analysis of fatty acids and their analogues. 
